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Development of a 3D Hall sensor with unrivaled measurement precision (10*at 1 T)

-86.57280+0.00015mV.or. 0. 0002% (-0.00046:0.00031.0r. 0.0005%. -0.0004%)




==l Goal

Development of a 3D Hall sensor with unrivaled measurement precision (10*at 1 T)

Assembly of “standard” 1D Hall probes Combine standard and vertical Hall probes

Linear interpolation error < 0.5 Gauss
2>d<1mm
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Advantage ON O ole g
Elimination of parasitic Hall Planar Effect
Measurement of full field vector in a single point in time and space

Thermally insulated

IDEAL FOR

Measuring small aperture magnets

Measuring weak magnetic side field components such as in search for a
solenoid’s magnetic axis

Precisely measuring highly inhomogeneous field such as in undulators

Magnetic measurements where high measurement precision of all three
field components is essential

CHALLENGES
Optimizing/improving semiconductor properties

Electrical contacting, wiring, and assembly
Effective calibration procedure
Commercially realizable sensor
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< 2.5 mrad error in the 45° angle

MACOR

Al

Courtesy of Dr. P Reimann (Universitat Basel)

Speste Size = 30.00 pm High Cumrent = On
mwl EMT=1200kV Signal A=VPSE Mag* 98X WD=143mm StageatT~ 07° .‘.l:-:k:‘:u
. File Name = 01Right_3.tif

Courtesy of A. Weber (Paul Scherrer Institut)

MACOR machinable ceramic
thermal conductivity: 1.46 Wm-1K*!
thermal expansion coefficient: 9.3 pm m-K
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200 ym

Si-dopants

2DEG

source: Dr. C Rossler, ETH Zurich (modified)
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Keithley
6221
20 uA DC

Agilent
Results of Hall effect measurements S,:Ae&

in PSI calibration magnet at 1T 3458A

nop =~ 3.5 - 10" cm™2

0o~ 2.2kQ > R=~42kQ

Vial/IB = upop = 1750 V TTAT

u =~ 7800 cm?V-'s



== =rw Hall bar measurements (Il

21ms_lightonoff
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Time
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lights on/off
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== =rm Hall bar calibration

C o=-.320940E+03 ¢ =0.123900E+03

2004 — o [G) = ¢p + U [mV] MaxErr = 1.73862E+02

. . DS RMS = 1.07519E+02
fit_weight (B=0) = 1.0 CHI? = 7.39844E+05

- 15000

15000

Keithley 6221 Agilent DMM 3458A Magnetic field: £2 T (NMR) Thuteh : 24.5 °C
lhan: 50 wA DC aperture: 200 ms

Ntrig: 15
meas. points: 64



== =rm Hall bar calibration

o=-313502E+03 ¢ =0.120621E+03 ¢ ,=-. 114998E-02

3=0.223724E-03 ¢ ,=-.135742E-05

C
=0. 161499E-07 ¢ =0.567539E-09 ¢ ;=-.509221E-11 ¢ g=-.108672E-12 C 4=0.585609E- 15
0=0. T14749E-16 ¢ =-.353357E-19 C=-.706246E-21 C=0.116793E-23 € ,=0.252915E-25
c=-. 198896E-28 C,=- . 489190E-30 c,=0.135256E-33 C,g=0.395484E-35

MaxErr = 2.15811E+00
By (Gl = o+ cld+ ...+ cgd® [mV] - '
fi’rl_weigh’r(B=O) - 1.0 RMS = 5.98049E-01

CHI% = 2.28904E+01
NPT = &4

Bwr [Gauss]
15000

Keithley 6221 Agilent DMM 3458A Magnetic field: £2 T (NMR) Thuteh : 24.5 °C
lhan: 50 wA DC aperture: 200 ms

Ntrigi 15

meas. points: 64



m==rm Siemens sbv-585

c 0. 210663E+02

0. _ ¢ 0, 11545703 o
2 By (Gl = co + cU [mV] iiggggg:g}
fit_weight (B=0) = 1.0 = §_17773F+04

NPT =188

‘ T T ‘ T ‘ T T { B\NM\R [\Ga\US‘S]
-20000 - 15000 -10000 10000 15000 20000




m==rm Siemens sbv-585

.328750E+00 ¢ =0.115933E+03 «c ,=0.244255E-02 ¢ 3=-.705830E-04 c ,=-.972344E-07
.456610E-08 ¢ ~0.450756E-11 c ,=-.1851/6E-12 € 4=-.128109E-15 «C o=0.441042E-17
. 1500478 -20 c11=- 443507E-22 |

| | | | | | | | | | | | | | | | | ‘
MaxErr = 1.99009E-01}
LGl = ULl c11U“ [m\/] ool
it weight (B=0) = 1.0 RIS = 6.038746-02

8.28569E-011
NPT =188
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= m GaAs Hall sensor

n-doped GaAs

SI GaAs

210 um
. ohmic contacts

n-doped GaAs

. Sl GaAs

1 D.C. Look, "“Electrical Characterization of GaAs Materials and Devices”, John Wiley and Sons 1989
$ S.M. Sze, “Physics of Semiconductor Devices”, John Wiley and Sons 2007

The ideal Hall sensor:

e High sensitivity

e Low driving current

e Low resistance

e Low temperature coefficient
e Low offset

e High linearity

e Longterm stability
...compromise!
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“HPF1” (Version 0)
2DEG from GaAs-Alp3Gap.7As heterostructure with Si-doping

v/ Very high sensitivity

v/ Very low driving current (tens of pA)

X High resistance (non-trivial cabling)

X Strong sensitivity of Hall voltage to ambient light
X Too high temperature coefficient of Hall voltage
X Noisy

“HPF2” (Version 1)
Si-doped (~10*® cm3) thin film GaAs (~1 pum) on semi-insulating
GaAs substrate

v High sensitivity (70 V T1A™)

v/ Low driving current (1 mA)

X High resistance (~600 Q)

X Sensitivity of Hall voltage to ambient light
X High temperature coefficient of Hall voltage

UHall [mV]

1000

= GaAs Hall sensor
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== m GaAS rlall sensor

“HPF1” (Version 0)
2DEG from GaAs-Alp3Gap 7As heterostructure with Si-doping

v’ Very high sensitivity

v/ Very low driving current (tens of pA)

X High resistance (non-trivial cabling)

X Strong sensitivity of Hall voltage to ambient light
X Too high temperature coefficient of Hall voltage
X Noisy

“HPF2” (Version 1)
Si-doped (~10'® cm3) thin film GaAs (~1 um) on semi-insulating
GaAs substrate

¢/ High sensitivity

¢/ Low driving current (1 mA)

X High resistance

X Sensitivity of Hall voltage to ambient light
X High temperature coefficient of Hall voltage

“HPF3” (Version 2)
Si-doped (~10*° cm3) thin film GaAs (~1 um) on semi-insulating
GaAs substrate

v Low resistance 100 um
v Low temperature coefficient of Hall voltage

v’ Very low sensitivity of Hall voltage to ambient light

v’ Very high linearity

X Moderate sensitivity




= w Calibration results “HPF3"

C 0. 1879 1E+02_ ¢ =0,506428E+03

2 By [G] = cp + cU [mV]
fit_weight (B=0) = 1.0

! ! ! ! |

2.59394E+00
1.09400E+00
2. 21414E+02 |
NPT =185

Bwr [Gauss]
e

T ‘ T T T T ‘ T T T
5000 10000 15000 20000
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= Calibration results “HPF3"

C ¢=0.187911E+02 ¢ ,=0,506428E+03

By [G] = ¢o + cU [mV]
fit_weight (B=0) = 1.0

N
A mes Ao e e )

e
R NP TN
- - — = O iy ]

! ! ! ! \
2.59394E+00
1.09400E+00
= 2.21414E+02
NPT =185
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= Calibration results “HPF3"

0=0.328750E+00 ¢ =0.115933E+03 «C ,=0.244255E-02 «cC 4=-.705830E-04 cC ,=-.972344E-07

¢ 0. 167911602 _c 1=0,5064286+03

BSWM_Bm [Gauss]

By [G] = ¢ + cU [mV]
fit_weight (B=0) = 1.0

‘Ma‘xEl‘“r
RMS
CHI?
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2.21414E+02
NPT =185
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€0 210663402 ¢ 0, 1154576:03

15000 20000
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= Results “"HPF3"
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l— — \CS LS —1Irrr.s
temp.coeff 0.006%/K
(~300K,B=0-2T)
=
19.768 '
. .
Precision of fit
- -linearity error [%] temp. coeff. [% K] . # coeff
S[VATY | R[Q] | wan [mA] | "O" offset [uV] # cal. points , RMS max
(T=300K,B=0-2T) (T=300K, B = 1T) pol. fit error error
[Gauss] [Gauss]
Siemens

SBV-585 S1 0.58 15 150 0.2 -182.5 0.007 189 12 0.07 0.20

#397
HPF1 1614.2 42000 0.050 0.9 2590.3 0.25 64 19 0.60 2.16
HPF2 72.54 600 1 0.2 997.7 0.02 185 14 0.17 0.56
HPF3 1.97 30 10 0.015 -37.1 0.006 185 14 0.20 0.58

o
21
19.760 20
0 400 800 1200 1600 2000 2400 2800 3200 3600

Time [s]
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SmarAct SR-2013-S-NM

® Fits into PSI calibration magnet gap (38 mm)

® HALLcube rotates around its centre

® Sensor resolution: 25 yrad

® Movement resolution: 3 prad
® EPICS controlled
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-~ m Outlook

1
Sensor design and
probe construction

2
Measurement chain
(hardware/software)

3
Calibration technique &
data reconstruction

4

Commissioning and _

test on magnets/
undulators

5

Writing papers _

and the PhD thesis

christina.wouters@psi.ch



